Objective In hypertensive subjects, exercise training is a therapeutic modality that not only lowers blood pressure but also corrects metabolic abnormality, such as hyperinsulinemia. Insulin causes sympatho-excitation via the modification of baroreflex, norepinephrine release, or central sympathetic outflow. However, the link between neural and metabolic changes by exercise training in hypertensive patients remains unknown. The aim of this study was to examinewhether or not the blood pressure lowering effect of exercise training is associated with the improvement of insulin sensitivity in conjunction with the inhibition of sympathetic tone in hypertensive patients. Methods Weevaluated plasma insulin levels, arterial baroreflex function and humoral parameters before and after exercise training. Twenty-nine patients with essential hypertension under hospitalization participated in the study. Before and after three weeks of exercise training (75% max VO2, 6 min, q.i.d.), 24-hour blood pressure recordings, arterial baroreflex function testing and 75 g glucose tolerance tests wereconducted. Areaunder the curve of insulin (E insulin) to glucose load was calculated as an index of hyperinsulinemia.
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Results Three weeks of exercise training decreased the 24-hour mean arterial pressure, heart rate and X insulin, and improvedbaroreflex function. There was a significant correlation between the reduction of arterial pressure and the change in Z insulin. Furthermore, the reduction of £ insulin was correlated with the improvementof baroreflex function and with the decrease in heart rate. Conclusions Exercise training lowered the arterial pressure, with parallel changes in heart rate, baroreflex function and insulin resistance. The correction of sympathetic overactivity was closely associated with the amelioration of hyperinsulinemia. Our results suggest that the improve-
Introduction
The Joint National Committee ( 1) and World Health Organization/International Society of Hypertension (2) recommend exercise training as a primary therapy of hypertension. Although mechanisms underlying the blood pressure lowering effect of exercise training have not been clarified entirely (3) (4) (5) , exercise training is widely recognized to correct metabolic abnormalities, such as hyperinsulinemia/insulin resistance (6, 7) which maycontribute to its depressor effects. Manystudies have shownthat essential hypertension is associated with insulin resistance (8) (9) (10) (11) (12) (13) (14) (15) . Although it remains unclear whetherhyperinsulinemia/insulin resistance is a cause, a consequence orjust an epiphenomenonof hypertension ( 13), we and others have recently demonstrated that non-obese nondiabetic subjects with hyperinsulinemia are at risk to develop hypertension in the future (16) (17) (18) (19) , suggesting the contributory role of hyperinsulinemia/insulin resistance in the pathogenesis of humanhypertension. The most commonlyproposed mechanisms for the link between hypertension and hyperinsulinemia/insulin resistance are: 1) insulin-induced antinatriuresis (13) , 2) altered vascular smooth muscle structure and function (15), 3) interaction with endothelium-dependent relaxation and contraction (10) , and 4) activation of the sympathetic nervous system (9, 14, 20) . Amongthe various factors mentionedabove, activation of the sympathetic nervous system is indicated as a possible candidate for a number of reasons. Insulin causes sympathoexcitation (21) via the modification of baroreflex (22) (23) (24) , of norepinephrine releases (25) and of the central sympathetic outflow (23) . Furthermore, although insulinper se has a vasodilatory action (10, 26) , sympathetic overactivity mayantagonize the vasodilator actions of insulin (9) . Several lines of evidence have suggested that lowering sympathetic nerve activity mayplay a role in an exercise-induced reduction of blood pressure (3) (4) (5) 27) . Indeed, exercise training not only lowers blood pressure but also decreases heart rate (7, 28, 29) associated with increases in variabilities of heart rate (28, 29) , decreases in the plasma norepinephrine concentration (30) and the norepinephrine spillover ratio (7), and improves arterial (29, 3 1) and cardiopulmonary (32) baroreflex functions. However, since no study has evaluated changes in insulin sensitivity and sympathetic tone after exercise training in the same hypertensive subject, the link between neural and metabolic changes as a result of exercise training in hypertensives remains unknown.
Accordingly, to study whether the blood pressure lowering effect of exercise training is associated with the improvement of insulin sensitivity in conjunction with the inhibition of sympathetic tone in hypertensive patients, we evaluated plasma insulin levels, arterial baroreflex function and neuro-humoral parameters before and after exercise training.
Patients and Methods

Study protocol
A total of 29 patients with mild to moderate essential hypertension (17 men and 12 women) aged 43±2 years were enrolled in this study. Informed consent was obtained and the study protocol based on our institutional ethics committee was approved. Subjects' blood pressure was measured weekly for 1 month before initiation of the study protocol. Hypertensive patients were qualified for the study if their systolic and/or diastolic blood pressure was> 140 and/or 90 mmHg,respectively on the last two visits of this period. Before enrolling them in the study, all the subjects were asked to report their daily activity. Only patients whowere office workers or housewives having no regular exercise were enrolled. Secondary hypertension was ruled out by clinical and laboratory evaluations. Medications were gradually withdrawn and completely discontinued 2 weeks before the start of the study. Subjects were hospitalized during the study to control their physical activity and diet. To determine daily calorie intake, we adopted 65 kg, average weight of a middle-aged Japanese, as standard body weight.
Since total calorie intake of 25 kcal/kg/day for hospitalized patients is recommended,we put them on a total calorie intake of approximately 1 ,600 kcal/day. The patients were also put on a salt intake of less than 7 gram/day, which has been commonly recommended for hypertensive patients in clinical practice. After the 2-week observation period in the hospital, we measured 24-hour blood pressure, heart rate, and exercise capacity within a weekbefore and after a 3-week exercise training program. In some patients who agreed to further examinations, we evaluated insulin sensitivity, arterial baroreflex function and humoral parameters.
Training program
Subjects performed 4 sessions of cycle ergometer exercise daily for 3 weeks. Each exercise session consisted of a 3-minute warm-up period, a 6-minute period of exercise at an intensity corresponding to 75% of the maximal oxygen uptake determined by analysis of expired gases, and a 3-minute cool-down period as previously described (33) . The aerobic exercise intensity was determined by a multistage graded exercise test on a treadmill before and after exercise training.
Twenty-four-hour blood pressure and heart rate An automatic non-invasive recorder (ABPM-630, NihonColin) (34) was used to measure 24-hour blood pressure and heart rate. Measurementswere madeat 15-minute intervals between 6:00 AMand 9:00 PM(daytime) and at 30-minute intervals between 9:00 PM and 6:00 AM(nighttime). Patients were asked to relax their arms during cuff inflation and deflation. After the 24-hour recordings were obtained, the data were downloadedfrom the recorder to a computer for analysis. We excluded the following values from analysis: systolic pressures below 70 or above 250 mmHg,diastolic pressures below 40 or above 150 mmHg,and heart rates below 40 or above 150 beats per minute. Wecalculated standard deviation of 24-hour, and day-and night-time blood pressure and heart rate as indices of pressure and heart rate variabilities, respectively.
insulin responses to glucose load Insulin sensitivity was determined by an oral glucose tolerance test with 75 gram glucose. The 75-g oral glucose tolerance test (75-g OGTT)was performed in the morning after overnight fasting. Blood samples were taken at 0, 30, 60, and 120minutes after glucose administration to measureplasma glucose and insulin. Area under the curves of plasma insulin (L insulin) and plasma glucose (L glucose) during the 2-hour 75-g OGTTwere calculated using the trapezoidal rule and the ratio of £ insulin to X glucose during 75-g OGTTwas used as an index of insulin resistance (35) . Diabetes mellitus, diagnosed according to the criteria of the American Diabetes Association (36), defined as a fasting glucose level of 126 mg/dl or greater and/or plasma glucose level of 200 mg/dl or greater at 2 hours after glucose administration, was excluded from this study. Based on this criteria, there were 8 patients with impaired glucose tolerance.
Assessment of baroreflex function
Beat-to-beat R-R intervals and corresponding systolic and diastolic blood pressure were collected simultaneously over a 12-to 15-min period using a cardiotachometer and Finapres monitor, respectively. Arterial baroreflex function was assessed by determining the relationship between the changes in systolic blood pressure and the changes in the R-R interval induced by amyl nitrate inhalation by regression analysis, using a modification of the method by Smyth et al (37) . Only slopes with regression coefficients >0.9 were included in the data analysis.
Changes in Neuro-metabolie Factors by Exercise
Measurementof humoral factors After the overnight fasting, blood samples were withdrawn from the antecubital vein into vacuumtubes after 30-minute bed rest, immediately placed on ice, and centrifuged at 1,800 g at 4°C. Plasma was stored at -80°C until used for analyses.
The plasma concentration of nbrepinephrine (PNE) was determined by high-performance liquid chromatography with electrochemical detection (HLC-725CA, Tohso). Radioimmunoassay kits were used to determine the plasma insulin level (Pharmacia Insulin RIA kit, Pharmacia KK, Japan), and the plasma renin activity (PRA; GammaCoat, Baxter, U.S.A.). Plasma glucose was measured by the glucose dehydrogenase ultraviolet test (Merck Liquid Glu, Kanto Chemical Co., Japan).
Sta tis tical analysis
Results are expressed as the mean±SEM. The effects of exercise training on variables were examined by two-tailed paired Student's Mest. A probability of <0.05 was accepted as the level of statistical significance. Correlation analyses were performed by linear regression analysis.
Results
Effects of exercise training on body weight, oxygen uptake (Table 1) , blood pressure and heart rate (Table 2) The maximal oxygen uptake increased (p<0.05), and body weight decreased significantly (p<0.0001) after the 3-week training program, although there was no correlation between the degree of body weight reduction and the changes in hemodynamic or neuro-humoral parameters described as follows. Exercise training significantly reduced systolic blood pressure (p<0.001), and mean (from 104±2 to 101±2 mmHg, p<0.05) arterial pressure and tended to decrease diastolic (p=0.08) blood Table 1 . Body Weight, BMI, VO2, BSI, P-NE and PRA before and after Exercise Training BMI: body mass index, V02: maximal oxygen uptake, BSI: arterial baroreceptor function. pressure measured during 24-hours. The effect of training was morepronounced in daytime systolic blood pressure (p<0.0005). Twenty-four hour averaged heart rate also decreased after exercise training (p<0.05).
Effects of exercise training on blood pressure variability (Table   2) Standard deviations of blood pressure and heart rate obtained by 24-hour recordings were calculated as indices of variabilities of blood pressure and heart rate, respectively. Although systolic blood pressure variability in 24 hours tended to be reduced after exercise training (p=0.07), the diastolic pressure and heart rate variabilities did not change significantly after exercise training.
Change in arterial baroreflex function (Table 1 Change in plasma norepinephrine (Table 1) PNEtended to be decreased by exercise training but not significantly. The decrease in PNEwas significantly correlated with the reduction in 24-hour systolic blood pressure (r=0.50, p<0.05; Fig. 1A ) and tended to be correlated with the decrease in 24-hour heart rate (r=0.37, p=0.08; Change in plasma renin activity ( Change in insulin responses to glucose (Table 3) Prior to exercise training, the fasting plasma insulin level was positively correlated with PNE(r=0.57, p<0.05) and inversely correlated with arterial baroreflex function (r=-0.65, p<0.05). Significant correlations were observed between PNE and the 120-min insulin level (r=0.47, p<0.05) or X insulin (r=0.46, p<0.05). Exercise training significantly reduced plasma insulin levels at 60 minutes (p<0.005) and 120 minutes (p<0.05) after oral glucose loading, resulting in a marked reduction of X insulin (p<0.005). The plasma glucose levels at fasting (p<0.05), 30 minutes (p<0.01), and 60 minutes (p<0.01) were significantly decreased, resulting in a marked reduction of X glucose (p<0.005) after the training. The ratio of X insulin to X glucose also significantly decreased after the training (p<0.05). The reduction of X insulin was correlated with the decrease in the 24-hour mean arterial pressure (r=0.53, p<0.05; Fig. 2A ) and with the decrease in the 24-hour heart rate (r=0.57, p<0.05; 
Discussion
The major findings of this study were: a) 3 weeks of exercise training reduced the 24-hour mean arterial pressure and heart rate, and improved arterial baroreflex function and hyperinsulinemia, b) there was a significant correlation between the blood pressure reduction and the improvement of hyperinsulinemia. c) the improvement of hyperinsulinemia was £^^"^sS 10" à" * correlated with the improvement of arterial baroreflex function and with the decrease in heart rate. Thus wedemonstrated that the blood pressure lowering effect of exercise training is associated with improvement of insulin sensitivity in conjunction with the inhibition of sympathetic tone in hypertensive patients.
In the present study, we adopted a special exercise protocol according to our previous report (33) . Exercise training was performed on an inpatient basis so that the patients' physical activity and diet could be strictly controlled. Exercise capacity increased, body weight and blood pressure decreased, and glucose tolerance improved after 3-weeks of short multiple bouts of exercise. The significant increase in VO2max by exercise training indicates that our training protocol was effectively performed. It is unlikely that changes in hemodynamicor neurohumoral parameters by exercise training were attributed to body weightreduction per se, since there wasno correlation between the degree of body weight reduction and the changes in hemodynamicor neurohumoralparameters in our study. Area under the curve of insulin (L insulin) and that of glucose (X glucose) were calculated and the ratio of £ insulin to X glucose during 75-g OGTTwas used as an index of insulin resistance (35) in our study, because the insulin level is determined by the glucose level and insulin resistance (38) . Several other factors such as the pancreatic secretory capacity of insulin, previous activity level, gastrointestinal motility, and nutritional status also determine the insulin level (38 Kohnoet al the same individual, it was unlikely that the pancreatic secretory capacity of insulin, previous activity level, and gastrointestinal motility were altered after exercise training. Thus the decreased insulin level after exercise training in this study could have been due to improved insulin sensitivity and/or the decrease in the glucose level. The reduction of £ insulin was significantly greater than that of X glucose, resulting in the decrease in X insulin/E glucose after exercise training. Thus, consistent with previous studies (6, 7) , the present results indicated that exercise training improved not only hyperinsulinemia but also insulin sensitivity.
The mechanisms potentially responsible for blood pressure reduction by exercise training have not been elucidated entirely (3) (4) (5) 27 ). Candidates range from afferent, central or peripheral nervous modifications (39) (40) (41) and hormonal factors such as the renin-angiotensin system (7, 42, 43) to structural and functional modifications of the heart and vasculature mediated by systemic or local factors (44) have been suggested to contribute to the blood pressure lowering effect of exercise training. Amongthem, it has been demonstrated that the exerciseinduced blood pressure lowering effect is, at least partially mediated by the correction of sympathetic overactivity (9, 14, 20) . Decreases in plasma norepinephrine (7, 42, 43) and the peripheral sympathetic nerve activity (45) after exercise have been reported. Consistent with previous reports, here 3 weeks of exercise training reduced 24-hour blood pressure as well as 24-hour heart rate. The blood pressure lowering effect was more pronounced during the daytime, during which subjects have higher sympathetic nerve activity. Furthermore, exercise training ameliorated arterial baroreflex function. The reduction of blood pressure was significantly correlated with the reduction of plasma norepinephrine. Collectively, the decrease in sympathetic nerve activity was associated with the blood pressure reduction by exercise training. Since exercise training improves metabolic abnormalities such as hyperinsulinemia/insulin resistance, in which sympathetic overactivity has been demonstrated, we thought that correction of hyperinsulinemia/insulin resistance might contribute to the sympathoinhibition, and hence to the blood pressure lowering effect of exercise training. Indeed, exercise training improved insulin sensitivity in parallel with the reduction of blood pressure, and with the improvement of arterial baroreflex function. Therefore, it is possible that exercise-induced improvement of insulin sensitivity was associated with the decrease in sympathetic nerve activity and with the blood pressure reduction in hypertensive subjects. In summary, 3 weeks of exercise training lowered the arterial pressure, with parallel changes in the heart rate, baroreflex function and insulin resistance. The correction of sympathetic overactivity was closely associated with the amelioration of hyperinsulinemia. The present results suggest that the improvement of neuro-metabolic factors may be involved in the depressor effect which results from exercise training.
